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Abstract 

Opto-electronic oscillator (OEO) is a closed-loop system with gain, in which part of the 
loop is implemented by an optical beam , and the rest by RF circuitry. The technological 
advantage of this approach over traditional all-RF loops in the gigahertz range comes from 
the fact that frequency filtering can be done far more efficiently in the optical range with 
respect to the RF modulation, than in the RF range. As a result, OEO can be made very 
compact, low power, and have superior stability. In this work, we report our preliminary 
results on using the phenomenon of coherent population trapping in 8 ' Rb vapor as an optical 
filter. Such a filter allows us to stabilize the OEO at the hyperfine splitting frequency of 
rubidium, thus implementing a novel type of frequency standard. 


1 INTRODUCTION: OPTO-ELECTRONIC OSCILLATOR 

Microwave oscillators capable of generating spectrally pure signals at gigahertz frequencies 
are important for communications, navigation, radar, precise tests and measurements, and 
other applications. Performance of these oscillators is limited by the achievable quality factor 
Q of their resonance elements and by their sensitivity to environmental perturbations. 

High purity signals can also be obtained using techniques of photonics, which is free of some 
of the intrinsic limitations of ultra-high frequency electronics mentioned above. In particular, 
the opto-electronic oscillator (OEO) is a photonic device that can produce spectrally pure 
signals at many tens of GHz [1-7]. 

A generic scheme of the OEO is shown in Figure 1. Light from a laser is amplitude-modulated 
by an electro-optical modulator (EOM) and then is sent into a fiber delay line followed by 
a photonic filter and a photodiode. The microwave signal of frequency uj from the photo 
detector output is amplified and fed back into the EOM. This system oscillates if the ampli- 
fication in the closed loop exceeds the loss. The microwave amplifier may be unnecessary if 
the EOM efficiency and the photodiode RF output are sufficiently high. 
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The function of the optical delay in an 0E0 is to store the microwave energy, in which sense 
it is equivalent to a microwave cavity in the usual high frequency oscillators. It determines 
both the free spectral range (FSR) Vl FS r of the resonator modes and their frequency width 
A uj. The longer is the fiber, the higher is the quality factor Q = However, a long optical 
delay line has a small FSR and supports many microwave frequencies carried by the optical 
beam. A narrow bandpass photonic filter following the delay line allows for selecting a single 
RF frequency and helps to achieve a stable single mode operation, as illustrated in Figure 
2(a). In this case, the spectral purity and the stability of the oscillations are determined 
by the resonator linewidth, but they also may be determined by the filter, if the latter has 
narrower width than the resonator mode; see Figure 2(b). 

Previously, we have implemented the case (a) of Figure 2 with an RF filter used instead of a 
photonic filter, and measured stability of such an OEO. The results of those measurements 
are shown in Figure 3. Although we have achieved relatively high spectral purity of the signal, 
it nevertheless is limited by high sensitivity of the long fiber delay line to the environment, 
so the OEO in this configuration does not have very good long-term stability. It is typically 
phase-locked to a stable reference. 

To further improve the OEO performance, we now propose using a photonic filter based on 
the effect of Electromagnetically Induced Transparency (EIT) [8-10], The steep frequency 
dispersion near a narrow EIT resonance has been used to produce ultraslow group velocity 
of light [ 11 , 12 ] in atomic vapors [ 13 - 15 ] as well as in doped solids [ 16 , 17 ], The narrow EIT 
resonances also have proved useful for construction of all-optical miniature atomic clocks 
[ 18 ]- Now we will show that they could also be useful for OEO stabilization. To make the 
most efficient use of EIT for OEO, we notice that the EIT resonances can be as narrow as the 
resonator modes with many kilometers of fiber. However, unlike the modes of a resonator 
with a long fiber, the EIT resonance frequency is not affected by environmental changes. 
Moreover, when the EIT is based on the m F = 0 — > =0 transition of different hyperfine 

states F and F' (the so-called clock transition), its resonance provides a natural frequency 
reference that can be used as an etalon. To take advantage of this, we have demonstrated 
a realization of case (b) of Figure 2. In this case, the spectral properties of the oscillations 
will be primarily determined by the atomic filter, and long optical delay will be unnecessary. 


2 OUR EXPERIMENT 

The experimental setup of the EIT-stabilized OEO is shown in Figure 4. We use the 5Si/ 2 , 
F=2 5P 1/2 , F=1 and SS^, F=1 — > SP^, F=1 transitions of 87 Rb to form the “A-system.” 

This is a configuration of two ground states coupled to an excited state, which is known 
to exhibit the EIT phenomenon. The transition frequencies differ by 6.83468 GHz, which is 
going to be the RF frequency oj of our oscillator. 

The dual-pass acousto-optical modulator (AOM) and a standard saturation spectroscopy 
setup allow us to lock the pump laser with approximately 300 MHz offset to the red from the 
F = 2 F = 1 transition. This detuning turned out to be optimal for the OEO operation of 
our system. Most likely, it is determined by the off-resonance absorption of the 85 Rb isotope 
that suppresses the EIT as we tune the laser wavelength close to the transition. 
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The laser light passes through an electro-optical phase modulator (EOM), a set of wave- 
plates, and a polarizer to produce amplitude modulation. Having amplitude modulation is 
important, because in case of pure phase modulation, the beat signal carrier produced with 
one sideband cancels the beat signal it produces with the other sideband. The amplitude- 
modulated light then passes through a rubidium cell. The cell is 2 inches long and contains a 
natural mixture of rubidium isotopes. In these experiments, the cell temperature was set to 
about 105°C. The cell is placed inside of a solenoid, which is used to create a magnetic field 
along the propagation direction of the optical beam. The solenoid and the cell are enclosed 
in a three-layer //-metal shield. 

Light that passes through the cell is detected by a fast photodiode, whose RF output is 
coupled to the EOM through an amplifier and a phase shifter. Part of the microwave signal 
is directed to a spectrum analyzer to monitor the oscillation amplitude and frequency. 

Before setting up the OEO oscillation, we obtained the frequency response functions of 
our system by driving the EOM with an external sweeping RF synthesizer. The response 
signal is obtained by mixing the photodiode signal with the local oscillator signal, i.e. by a 
heterodyne measurement. During this measurement, we can apply DC magnetic field along 
the cell. The Zeeman shifts of magnetic sublevels ?np have opposite signs for F = 1 and F = 2, 
and all transitions from F = 1 manifold to F = 2 manifold are therefore detuned from the 
two-photon resonance, except for the clock transition m i = 0 — > m 2 = 0. 

The measurement results are shown in Figure 5. On the left part of the Figure, the magnetic 
field is small, and in addition to the central peak to i = 0 — > m 2 = 0 we see two other peaks. 
On the right part, the field is several Gauss strong, and the side peaks are outside the sweep 
range. Such a strong magnetic field is on in all the experiments described below. Fitting the 
single peak to a Lorentzian, we find its width to be approximately 230 kHz. 

Next, we remove the synthesizer and connect the photodiode to the amplifiers, closing the 
feedback loop that gives rise to self-sustaining oscillation. When the EIT is achieved, the 
oscillation frequency is locked to the atomic hyperfine transition. 

The EIT-stabilized regime can be achieved only within a fairly narrow range of the laser 
wavelength, confirming that the atoms perform the function of a photonics filter. To illus- 
trate the effect of laser wavelength tuning on the OEO operation, we slowly scanned the 
wavelength while measuring the integrated photodiode signal. The result is given in Figure 
6, which represents the red slope of Doppler absorption profile. We see two wavelength 
ranges where oscillations occur: the one on the red side corresponds to stable oscillation and 
is accompanied by a higher transmission (clue to EIT); the one on the blue side corresponds 
to unstable oscillations and is accompanied by higher noise. 

The stable oscillations spectrum is shown in Figure 7. We see that its width is approximately 
1 kHz, which is much narrower than the EIT filter width. The peak in Figure 7 can drift 
within approximately ±500 kHz before the oscillations become unstable and disappear. This 
range is consistent with the EIT width. This regime of operation is similar to that of the 
CPT clocks [18], and the situation can be improved by obtaining a narrower EIT signal. 
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3 DISCUSSION AND CONCLUSION 

Using an atomic cell instead of an optical fiber delay or a cavity for stabilizing an 0E0 is 
advantageous for construction of frequency references. This is because, in the latter case, 
the frequency of the 0E0 depends on the external conditions while the splitting of the 
atomic ground state is fixed, and has less sensitivity to the same influences that perturb 
a fiber. Furthermore, an atomic cell is more tolerant to the absolute pump laser stability 
than, e.g., an optical cavity. If light with a broad linewidth propagates through a high-Q 
cavity, the phase fluctuations of the input light are converted to the amplitude fluctuations 
at the output. This conversion affects the stability of oscillations. In turn, the acceptable 
linewidth of the pump light used in an OEO with an atomic cell is determined by the width 
of atomic spectral line and is often much wider than the width of the two-photon resonance, 
which is used for OEO stabilization. 

On the other hand, unlike an ideal cavity where transmission does not depend on the cavity 
quality factor, the atomic cell absorbs light. The maximum transmission (achieved when the 
modulation frequency of the light is equal to the frequency of the ground state splitting of 
the atoms) is related to the width of the two-photon resonance. 

In this paper, we have shown that the OEO with an atomic cell filter is capable of generating 
stable microwave signals at a frequency determined by the filter. We report an experimental 
demonstration of an OEO stabilized with a Rb atomic vapor cell. Because such a device can 
be miniaturized and has a potentially high stability, the present study is a step toward the 
creation of a miniature atomic frequency reference based on the OEO architecture. 
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Figure 1: Conceptual drawing of the 0E0. 



Figure 2: Illustration of the frequency selection in the OEO. Solid lines are the resonator modes, dashed line 
is the filter function which can be either broader (a), or narrower (b) than a resonator mode. 
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Figure 3: Phase noise of an 0E0 with RF filter and 2 km of fiber (a); 4 km of fiber (b); and 6 km of fiber 
(c). 



Figure 4: Experimental setup for demonstration of the EIT-stabilized 0E0. 
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Frequency sweep, MHz Frequency sweep, MHz 


Figure 5: Frequency response of the EIT filter obtained by heterodyne measurement technique. On the left: 
for a weak magnetic field, peaks corresponding to transitions between different Zeeman levels are visible; on 
the right: for a strong field, only the nil = 0 — > m 2 = 0 peak is present. 



Figure 6: Rubidium cell transmission signal on the red wing of Doppler broadened line (the entire scan is 
approximately 700 to 800 MHz wide). Irregular segments indicate the ranges of OEO oscillations. 
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Figure 7: On the left: the RF spectrum with a resolution limited by the spectrum analyzer bandwidth. On 
the right: the same with higher resolution, yielding the RF spectral width of approximately 1 kHz. The zero 
detuning corresponds to the hyperfine transition frequency cum ~ 6.8 GHz. 
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Questions and Answers 

JIM CAMPARO (The Aerospace Corporation): Did I see on one of the charts that you showed a phase 
diffusion coefficient. Then underneath the chart it said “50 times larger than anticipated.” 

LUTE MALEKI: Actually, it isn’t. Again, 1 apologize because this particular talk is several months old. 
At the time, we got a number of different things that we were wondering what they were. It turns out that it 
can all be traced to the fact that we had sort of a mixture of isotopes and a mixture of laser and everything 
else. 

CAMPARO: So it really wasn’t real? 

MALEKI: No. 
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